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Abstract: A principal possibility of burning hydrocarbon fgetlirectly in a water-based heat carrier is dematest. The first experimental results are
presented by an example of burning acetylene iemeith initiation of gas ignition in the bubble by electric discharge. A model of dynamics andcaesipn

of a single bubble is used for estimation the ificy of the process under consideration. The gnefrthe acoustical radiation and characteristies of the
heat transfer processes are calculated. The expaahTesults and theoretical calculations showithia possible to pass to the new principles pération of
heat generators.
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1 Introduction

The problem of energy saving is urgent in all caestof the world. Energy saving is most frequertyisidered in terms of
energy consumption. Saving of natural energy ressuat the stage of production of thermal and idattenergy, however, is even
more important. The technology of obtaining eleetrienergy and heat by burning hydrocarbon fuefseg&nced practically no
changes in recent years. The technology of heasfga to the heat carrier was mainly improved byamseof improving the
characteristics of heat-exchange systems. Availab#t exchangers prevent increasing specific pofveeat generators because of
the development of crisis phenomena during liquiditg . New principles and approaches are needed forthefuincrease in
efficiency of heat transfer to the heat carrierhw@imultaneous reduction of biosphere pollution. tAé moment, burning of
hydrocarbon fuels is arranged in industrial heategators in the regime of continuous combustior withaustion of combustion
products into the atmosphere.

A possibility of heat transfer from combustion puets directly to a water-based heat carrier inréggme of pulsed burning of
combustible gases in bubbles is considered in dipemp Such an approach allows heat losses atape of fuel combustion and the
amount of wastes exhausted into the atmosphere soliistantially reduced. A method of ignition oétgtene—oxygen bubbles by an
electric discharge in water is tested experimentall
2 Experimental Setup

The arrangement of experiments is illustrated gnFiA 150x 150x 150 mm cavity 1 was filled by water. A tube-eledied
insulated from outside was mounted vertically iis davity. A bubble 3 with a stoichiometric acetyée-oxygen mixture was ejected
into water through this tube. A 0.3%-0.6% wateusoh of usual table salt was used to provide antgt breakdown in the bubble.
The gas mixture in the bubble was ignited by apygjyioltage to the tube-electrode from a capaciith wcapacityC = 100xF with
the use of an electromagnetic switch S. The capaesis charged with a voltage source 5. The indweetan these experiments was
L = 7.7 mH. The discharge current was monitored by ardekt TDS-210 oscillograph 6 connected to a shHRrt 0.2 Q. The
second ray of the oscillograph was used to motiitervoltagel. Shadowgraphs of the hydrodynamic processes \a&em twith a
MotionXtra HG-LE high-speed video camera. The expents were performed with a stoichiometric mixtafeacetylene with
oxygen (GH, + 2.5Q). The gas mixture was ejected into water withdbeductivity~1 Q!+ m™* through the tube-electrode with
the outer diametead. = 21 mm and inner diametel, = 1.5 mm. The bubble diameter wds: d., and the voltage of 350-500 V was
supplied to the electrode. To prevent flame proplagan the gas pipe, a fire barrier was mountethantube.

3 Experimental Results

The dynamics of expansion and oscillations of thigbte with gas combustion is qualitatively simitarthe bubble dynamics in
the case of HE explosion in water. In our experitienombustion of the acetylene— oxygen mixtur¢hiz bubble increased the
initial bubble diameted to D = (377 0.1)d, and the results were well reproduced. Fig.2 shitwgypical frames and oscillogram of
the process for one cycle of gas ignition and mgrin a bubble with the initial diametdr= 2mm(a) and two frames of subsequent
fragmentation of bubbles (b). In this arrangemédrexperiments, the electric breakdown in the gasirinside the bubble, between
the tube electrode and electrolyte, which ignites gas mixture in the bubble. The initiation eneirgyhe experiments described
here is 21072 J. In our test conditions, the bubble expandfi¢odiameteD = 6 mm during the time of 0.3 msec and then starts
collapse approximately back to its initial diametesing its symmetry. The collapse and subsequoeiton are accompanied by
formation of a toroidal vortical bubble cluster.e€Thelocity of separation of the first bubble clugtem the electrode ig, =~ 10-15
m/sec. In the course of motion of the toroidal Halbuster, it is broken to the side= 0.1-03 mm. In 10 msec, the region along the
direction of motion of the bubble cluster increaapproximately to 15 mm, which corresponds to treEamvelocity of the water
flow carrying small bubbles,, ~ 1.5 m/sec. It follows from the records obtained thaecond bubble is formed at the instant when
the bubble with the burnt gas collapses (framérB)his arrangement of experiments, the second leuiblgenerated by the electric
discharge energy; this is seen in the oscillogramthe time interval from 0.7 to 1.2 ms. Fig.2b wisosome instants of further
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motion of bubble clusters formed from the generdiaiobles (the time in the frames shows the duratfter the initiation moment).

CH, +2.50,

K

1-Plexiglas cavity; 2—tube-electrode; 3— bubblédlite acetylene—oxygen mixture; 4—opposite eleetrbd unit for charging the
capacitorC; 6- digital oscillograph; electromagnetic switstdenoted as S, Parker’s shunRaand inductance ds

Fig.1 Arrangement of experiments
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Fig.2 (a) Frames of one cycle of burning of the atylene—oxygen bubble in water correlated with thelectrical parameters
of current and voltage; (b) subsequent fragmentatin of bubbles; frame rate 104 frames/sec

4 Analysis of Experimental Results

The energy of point ignition of the,8, + 2.5Q mixture at atmospheric pressure was estimate@]im$E ~ 10 °-107 J.
Recalculation to annulad & 1.5 mm) ignition yields the minimum ener@y~ 10-4-10-5 J. The measured current and voltage in
our experiments showed that the ignition energy @ek0 2 J. Apparently, the major part of energy was spentheating and
evaporating the electrolyte in the zone of junctidrthe bubble and the outer surface of the tubetelde. Relative expenses on
bubble ignition were 2%-3% of the released chengoargy. These expenses will decrease with inergasie of the initial bubble.
As the gas burns in the reactiopHz + 2.5G = 2CG, + H,O + 1318 kJ/mole, the amount of ene@y 0.94 J is released in the
bubble with the diametat = 2 mm. The time of gas burning in the bubble wagreximately calculated under the assumption that
the temperatures ahead of and behind the frorteoEpherical flame are constant, and the flamecitgloelative to the gas is 10
m/sec. Gas compression ahead of the flame was tat@account. It turned out that the time of gambustion in the bubble was
approximately 13is.

The estimate of bubble-wall acceleration in accocgawith the energy conservation law showed (tHecity was assumed to
be a linear function of time) that the wall is decated to 8 m/sec during gas combustion, the leutaigius increases by 5%, and the
bubble volume increases by 15%. The maximum predsuthe bubble is expected to be lower than tlesgure during combustion
in a constant volume approximately by the sameeydlecause expansion of combustion products issalismthermal. The pressure
increases thereby only tdl5 atm. The bubble continues to expand, and thgspre decreases. The maximum bubble size can be
estimated on the basis of the work performed byghe during adiabatic expansion. At the effectidelaat index of 1.1, the
maximum bubble diameter is approximately 3.9 tige=sater than the initial diameter, whereas the ex@atal value iD/d = 3.
The difference is partly associated with heat fiemt® water in the course of expansion and algb departure of some part of the
burnt gas to the input tube. A question arises: Hapidly is the heat from the burnt gas transfetcedater? If the bubble were not
destroyed, it would cool down during the titges 102 s. In our case, the broken bubbles transfer the dering the time, < 10°*

s. The degree of bubble fragmentation can be egihen the basis of the Weber number. For theivelaelocity of~10 m/s, the
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Weber number i\, = 10, which is two orders greater than its criticalueal The bubble is broken into smaller bubbles it
mean sizel;~ 0.3 mm. It is fragmentation of the initial bubblesdar experimental arrangement that leads to dresti@ncement of
heat transfer. The filming and current oscillograsisow that nucleation of the next bubbles owingdischarges on the
tube-electrode with subsequent breakdown in theblesbcan occur automatically at the instants ofasspn of the previous
bubbles. Thus, simultaneous ignition of the gahl inubbles can occur in the regime of electrohydrodyinaelfsynchronization of
breakdowns in these bubbf&4.

This feature shows the prospects of developmemutfed heat generators based on the proposedpberafi initiation and
burning of hydrocarbon fuels. The upper limit oé thenerator power is constrained only by the fraquef fuel ejection into water.
It is determined by the period of oscillations foé initiated bubbles. For instance, if the freqyenfcburning of the bubbles is 1 kHz
and 25,600 tubes-electrodes are placed on theofifleat, the mean specific power of such a generate2&MW/n?. In this case,
fragmentation of the initial bubbles is assumeddour independent of the neighboring bubbles. #drtnal energy remains in water.
Note that this estimate was made for a particudae ovith the test conditions used in our experimedtructurally, more powerful
and compact devices with pulsed burning of fuela iwater-based heat carrier are possible. Suclteietiave no heat-conducting
metallic elements, which prevent the increase &tz power because of development of crisis phesmma of boiling in the liquid.
Electric breakdowns with gas ignition in the bulsbleccur at the instants when the electrode crostore are overlapped with
expanding bubbles.

4.1 Energy of Acoustical Radiation, Caused by Bubdé Explosion

It is known that explosion and subsequent exparnsi@bubble led to the emission of compressionesaVypical emission of
a weak shock wave during first bubble oscillaticaysed by bubble explosion, is shown in Fig.3hia &xperiment gas explosion
occurs after bubble compression behind a shock waliguid. Similar shock wave will be emitted afteubble explosion caused by
electric discharge. To evaluate the efficiencyha&f heat generator under consideration, the endrtiye@coustical radiation should
be estimated.

53 ps 54 ps 55 ps 56 ps 78 us

Fig.3 Shock induced explosion of a single bubbled subsequent emission of acoustical waves. Oxygaubble in
cyclohexane. The incident shock wave exerts impagh the walls of the bubble at = 0 (experiment [5], see also [6, 7])

The following scenario will be considered. The sngpherical bubble contains stoichiometric hydreggygen mixture and is
located in water. Initial pressure and temperatfréwo-phase system are 5 atm and 298 K respegtiltels assumed that the
ambient pressure remains constant. Bubble ignitimhimstantaneous explosion of the gas occurs ahiti@ moment in time. The
gas pressure, temperature, and molar mass expergerrastic change. The gas mixture instantaneasiyires the state of
chemical equilibrium, which is always shifted besawf bubble oscillations. The first jump of gasgmeeters is instantaneous and
therefore occurs at the constant volume of the leubks a result of ignition, the gas pressure bexotmigher than the ambient
pressure, and the bubble performs several graddeligying oscillations; at the end, the gas presbacomes equal to the liquid
pressure.

The calculations were performed by the model ol@sipn and oscillations of a single bubble, whichsvwpreviously proposed
in [8-11]. The model implies that there is no iApdrase transfer processes between gas and liqiidctswf a bubble.

The thermodynamic parameters of the mixture andsthi& of chemical equilibrium are described by tkieetic model
previously proposed in [12-14]. The bubble dynamies calculated by the commonly used Rayleigh eguatith additional terms
that take into account acoustic radiation of thielthe.. The initial diameter of the bubble was asstito be 3.2 mm.

The calculation results are plotted in Fig.4.

Figs. 4(a) and (b) show the calculated dynamiaghefubble from its ignition to complete decay abble oscillations. These
figures do not illustrate the process under comati® in detail; hence, Figs. 4(c—e) show the dyica of bubble parameters during
several first oscillations. The pressure and teatpee jumps are caused by instantaneous ignition.

Fig.4(f) shows the P-V diagram of the process a®rsid. The initial parameters of the gas correspombint A. As a result of
ignition, the parameters of the mixture jump insiaeously from point A to point B. An instantanedusease in pressure leads to
bubble oscillations. The parameters of the mixthange along the adiabatic (isentropic) curve efdhemically equilibrium gas
BDC. First, the parameters move downward along theecim the direction indicated by the arrow. Thewimy to bubble
oscillations, the parameters of the mixture alsofgoen oscillations with respect to point D. The dimmle of oscillations
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continuously decreases. The final point of the gssacorresponds to point D, which is marked by#récal arrow. The parameters
at points A, B, C, D are:

A:P=5atmT =298.15K 0= 2.4210° g/cnt, V = 413.4 cri¥g, £ = 12 g/mole;

B: P = 50.38 atm[ = 3833 K,0= 2.4710° g/cn?, V = 413.4 cri¥g, = 15.34 g/mole;

C: P =1.283 atmT = 2796 K,p= 9.3710° g/cnt, V = 10729 criyg, = 16.90 g/mole;

D: P=5 atm,T = 3134 K,p = 3.1510* g/cn?, V = 3176.1 crilg, 1= 16.34 g/mole.
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Fig.4 Bubble dynamics and gas parameters after igion

The mechanical efficiencyrj of the cycles under consideration equals theewsfice between the enthalpies of the final and
initial states, divided by the reaction hegt= (I, —1,)/Q (here|, andl; are the final and initial enthalpies of the gaspectively), Q
is the heat release of chemical reaction. Accortiintine model [12, 13D = E(1/p — 1i1), 4 is the initial molar mass of the gds,
is the mean energy of dissociation of generalizagttion products, Qis the maximal heat release of chemical reactips,Qnax
if 1= lmax According to the results of calculations, presdrabove (see the parameters of points A ang ©P2.7 %. It means that
22.7 % of the energy of explosion will be transfedrinto the energy of acoustical waves. Such eneagybe partially absorbed
inside the liquid volume after reflections of thegaves from walls of the volume and inhomogenitieside the liquid volume.
Results of calculationg for stoichiometric acetylene—oxygen mixturéPat= 1atm are similar for the calculations, preseratiedve.
4.2 Heat Release of Chemical Reaction vs the Igioih Energy

One of the requirements to the heat generatomaistiie energy required for its operation shouldnoeh lower than the energy
released in the course of the generator operatieat (performed by the generator). Let's compareetiergy of electric discharge
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and the total heat release of chemical reactioidénthe bubblés at P, = 1 atm. Note tha®s = Qnax 4/3TR,>a. The specific heat
of chemical reaction will be maximal if the tempeir@ of gas will be equal to the temperature afiigowing to cooling of gas by
inter-phase heat transfer process, and, thereforeimay F22%. According to [12, 13Qmax=E(1/th - Lltinay). FOr stoichiometric
hydrogen-oxygen mixtures.x= 18 kg/kmol, 4 = 12 kg/kmol ande = 109680.5 cal/mol. For 2 mm bubble the heat seleaf
chemical reaction is 0.4 J. This energy is essgntess, than the ignition energy in our experinsef10-2 J).

4.3 Estimation the Characteristic Time of Inter-phae Transfer Process

Let's calculate the characteristic tinreof cooling of gas owing to inter-phase heat trangfrocess. According to [15-16],
T=R%(7#AIpCy), whereR is the radius of bubble] is the heat transfer coefficient afg is the heat capacity of gas at constant
volume. The following formula for calculation thedt transfer coefficient is us&d: A = Ao(T/373)"°, whered, = 1.7102 J/(mSK)
is the heat transfer coefficient at 373 K. Let'swame for estimations thai= 0.3 kg/mi and T = 3000 K. According to [12]
Cy= 1.510" J/(KlKg). With the help of the formula, presented abaves found thatr=1.1 ms and 28 ms &=1 mm and
R =5 mm respectively. After the time period, equalsapproximately 88, the temperatures of the gas and surroundingdiqui
should be equal each other. For the bubbles urideussion, such time periods are 8.8 ms and 224espectively. These time
periods are essentially shorter than the charatitetime of operating cycle of the heater.

5 Conclusions

A principal possibility of pulsed burning of hydierbon fuels directly in the water-based heat cardened at creating heat
generators of a new type, is experimentally denmatesd.

A model of dynamics and explosion of a single beliblused for estimation the efficiency of the sscunder consideration.
The energy of the acoustical radiation and chariatietimes of the heat transfer processes amutzkd. It is shown that the heat
release of chemical reaction is essentially leas the energy of bubble explosion initiation. Theracteristic time of inter-phase
heat transfer process is essentially shorter tharcharacteristic time of operating cycle of thatee Approximately 20 percents of
the energy of explosion is transformed into thergnef acoustical waves. Such energy can be plgridsorbed inside the liquid
volume after reflections of these waves from waflthe volume and inhomogenities inside the liqea¢me.

The experimental results and theoretical calcutatishow that it is possible to pass to the newcipies of operation of heat
generators. Moreover, such an approach allowslbssgs at the stage of fuel combustion and the ahafuvastes exhausted into
the atmosphere to be substantially reduced.
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